INTRODUCTION
============

Obesity has emerged as a critical health problem due to its close association with metabolic diseases such as diabetes and cardiovascular disease ([@b1-pnfs-22-306]). Obesity is induced by increased adipocyte size and number ([@b2-pnfs-22-306]). Adipocyte differentiation from preadipocytes is a complicated process involving modifications to cellular morphology, gene expression, and hormone sensitivity ([@b3-pnfs-22-306]). This procedure is controlled by complicated interactions between adipogenic factors ([@b4-pnfs-22-306]). In this system, peroxisome proliferator-activator receptor-γ (PPARγ) and CCAAT/enhancer-binding protein α (C/EBPα) act as the key regulators of adipogenesis ([@b5-pnfs-22-306]). These transcription factors are significant for lipid homeostasis as they regulate target genes associated with fat accumulation, fatty acid transport, and lipolysis ([@b6-pnfs-22-306]).

Oxidative stress is considered one of the major factors involved in obesity-related disease. Nuclear factor erythroid-derived factor 2-related factor 2 (Nrf2) is a major regulator of antioxidant and detoxification gene expression in response to oxidative stress ([@b7-pnfs-22-306]). The role of Nrf2 is to activate cytoprotective enzymes and expression of antioxidant genes such as glutathione *S*-transferases, NAD(H)P oxidoreductase 1, and heme oxygenase-1 (HO-1) in response to oxidative stress ([@b8-pnfs-22-306]). HO-1 is recognized to play a critical role in antioxidant protective processes. This enzyme catalyzes the rate-limiting stage of free heme degradation into iron, carbon monoxide, and biliverdin. These metabolites are associated with antioxidant activities ([@b9-pnfs-22-306]). In addition, some studies have reported that HO-1 plays a critical role in energy metabolism beyond oxidative stress ([@b10-pnfs-22-306]). Therefore, Nrf2 and its downstream enzyme, HO-1, may be a potential target in treating obesity-related diseases.

Chalcones, a subclass of flavonoids, possess an open C-ring structure. It has been reported that chalcone and its derivatives have numerous biological activities ([@b12-pnfs-22-306]). 3,4,2′,4′-Tetrahydroxychalcone (butein) is a chalcone derivative from various natural plants and it is known as a major biological compound of *Toxicodendron vernicifluum* and *Caragana jubata* ([@b13-pnfs-22-306]). These plants traditionally have been used for the treatment of pain, parasitic, and thrombotic diseases. Butein has attracted much attention because it has been reported to have various biological activities including antioxidant ([@b13-pnfs-22-306]), anti-fibrogenic ([@b14-pnfs-22-306]), anti-inflammatory ([@b15-pnfs-22-306]), and anti-tumor activities ([@b16-pnfs-22-306]). A recent study reported that butein inhibited adipocyte differentiation at the cellular level ([@b17-pnfs-22-306]). As the Nrf2/HO-1 pathway is a critical regulator of cellular defense against oxidative stress, targeting this pathway represents an efficient strategy to prevent and treat a variety of chronic diseases. In addition, attenuating oxidative stress may be the key in the treatment or prevention of obesity-related diseases. Therefore, this study aimed to investigate whether the butein-upregulated Nrf2/HO-1 pathway is involved in the expression of adipocyte-specific transcription factors such as PPARγ and C/EBPα.

MATERIALS AND METHODS
=====================

Materials
---------

Butein was purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). Dulbecco's modified Eagle's medium (DMEM) and phosphate-buffered saline (PBS) were purchased from HyClone (Logan, UT, USA). Bovine calf serum (BS), fetal bovine serum (FBS), and penicillin-streptomycin were obtained from GIBCO (BRL Life Technologies, Grand Island, NY, USA). Insulin (INS), isobutyl methylxanthine (IBMX), dexamethasone (DEX), and dimethyl sulfoxide were purchased from Sigma-Aldrich Co.. Primary antibodies against β-actin, C/EBPα, PPARγ, Nrf2, HO-1, and proliferating cell nuclear antigen (PCNA) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

Cell culture and treatment
--------------------------

Mouse fibroblast 3T3-L1 cells (ATCC No. CL-173) were obtained from American Type Culture Collection (Manassas, VA, USA). Briefly, 3T3-L1 preadipocytes were incubated in DMEM containing 10% BS and 100 U/mL penicillin-streptomycin. Two days after confluence (day 0), the cells were treated with DMEM containing 10% FBS, 871 nM INS, 0.5 mM IBMX, and 1 μM DEX for 48 h (day 2). On day 2, the differentiation medium was replaced with 10% FBS/DMEM containing 871 nM INS and incubated for 48 h (day 4), followed by culturing with 10% FBS/DMEM.

Oil red O staining
------------------

Intracellular lipid accumulation was measured using Oil red O staining. 3T3-L1 adipocytes were treated with control or samples (5, 10, and 25 μM) for 6 days. In brief, cells were washed twice with cold PBS and fixed in 10% neutral formalin at room temperature, and then washed with PBS. The lipid droplets were stained with 0.3% Oil red O. The cells were washed with distilled water and the staining dye extracted with isopropyl alcohol. Absorbance was then measured at 490 nm.

Protein extraction and Western blot analysis
--------------------------------------------

For the Western blot analysis, cells were washed with cold PBS and lysed by using a PRO-PREP protein extraction solution (iNtRON Biotechnology, Gyeonggi, Korea). The protein concentration of each sample was determined by spectrophotometry using Take3 Micro-Volume Plates (BioTek Instruments Inc., Winooski, VT, USA). Samples were loaded onto a polyacrylamide gel and subjected to sodium dodecyl sulfide-polyacrylamide gel electrophoresis, followed by electrophoretic transfer to nitrocellulose membrane. The nitrocellulose membranes were blocked with 5% skim milk in Tris-buffered saline (TBS), and then incubated with primary antibodies against Nrf2, HO-1, C/EBPα, PPARγ, PCNA, and β-actin at room temperature. Membranes were then washed with TBS and incubated with horseradish peroxidase-conjugated secondary antibody at room temperature. The specific protein bands were visualized on X-ray film via chemiluminescence using enhanced chemiluminescence (ECL) reagent (Pierce Biotechnology Inc., Rockford, IL, USA). The density of specific bands was calculated using Image J (NIH, Bethesda, MD, USA).

Statistical analysis
--------------------

The results were expressed as mean±standard error (SE) and were representative of three or more independent experiments. Statistical comparisons were determined by one-way analysis of variance using SAS version 9.0 (SAS Institute Inc., Cary, NC, USA). The level of significance was established at a *P*-value of \<0.05.

RESULTS AND DISCUSSION
======================

Inhibitory effect of butein on lipid accumulation and adipogenic transcription factors
--------------------------------------------------------------------------------------

Butein did not show any cytotoxicity at concentrations up to 25 μM (data not shown). To explore the anti-adipogenic effects of butein, 3T3-L1 preadipocytes were treated with butein for 6 days. To measure lipid accumulation after differentiation, the differentiated adipocytes were stained with Oil red O. Treatment with 5, 10, and 25 μM butein significantly decreased lipid accumulation by 73.0 %, 62.6%, and 54.2%, respectively, compared with that in fully differentiated adipocytes ([Fig. 1A](#f1-pnfs-22-306){ref-type="fig"}).

Differentiation of 3T3-L1 preadipocytes to adipocytes requires a network of transcription factors, such as PPARγ and C/EBPα ([@b18-pnfs-22-306]). PPARγ is a nuclear receptor that regulates various cellular processes including differentiation, immune response, and cell survival. It is a dominant regulator of adipocyte differentiation, acting through activation of adipose-specific genes ([@b19-pnfs-22-306]). Additionally, induction of C/EBPα is followed by transcriptional activation of many genes involved with an adipocyte phenotype ([@b20-pnfs-22-306]). When preadipocytes are stimulated by differentiation hormones, transcription factors such as PPARγ and C/EBPα are upregulated and work cooperatively to enhance the expression of several other adipogenic marker genes ([@b21-pnfs-22-306]).

To determine how butein inhibits the differentiation of preadipocytes into mature adipocytes, this study investigated its effects on the protein expression levels of key adipogenic transcription factors such as PPARγ and C/EBPα. As shown in [Fig. 1B and 1C](#f1-pnfs-22-306){ref-type="fig"}, butein significantly suppressed PPARγ and C/EBPα expression levels compared to those in differentiated adipocytes.

Effects of butein on Nrf-2 translocation and HO-1 expression
------------------------------------------------------------

Nrf2 is one of the key antioxidant regulators against oxidative stress ([@b22-pnfs-22-306]). Under basal conditions, Nrf2 remains in the cytoplasm and binds to Kelch-like ECH-associated protein 1 (Keap1). However, in response to oxidative stress, Nrf2 is released from Keap1 and subsequently translocated into the nucleus ([@b23-pnfs-22-306]). Nrf2 then binds to antioxidant-reactive element sites in gene promoters coding for phase II enzymes ([@b24-pnfs-22-306]). Although much is known about the role of the Nrf2 pathway, such as its antioxidant and cytoprotective effects, little is known about its interaction with other signaling pathways, such as adipogenesis signaling pathways. To determine the involvement of Nrf2/HO-1 in adipogenesis, the nuclear accumulation of Nrf2 and expression levels of its downstream protein, HO-1, were measured. Because translocation of Nrf2 occurs early when challenged with adipogenic hormones ([@b25-pnfs-22-306]), 3T3-L1 cells were treated with butein for 3 days, and then nuclear fractions were extracted for western blotting. The results showed that treatment with butein significantly increased Nrf2 translocation to the nucleus ([Fig. 2A](#f2-pnfs-22-306){ref-type="fig"}) and HO-1 protein expression level ([Fig. 2B](#f2-pnfs-22-306){ref-type="fig"}) in a dose-dependent manner.

Effect of butein induced HO-1 on lipid accumulation during adipocyte differentiation
------------------------------------------------------------------------------------

Recent studies have shown that an increase in antioxidant genes is therapeutically significant for adipocyte differentiation ([@b26-pnfs-22-306]). Interestingly, emerging evidence indicates that HO-1 is closely related to metabolic diseases such as obesity ([@b9-pnfs-22-306]). Therefore, this study evaluated the role of butein-induced HO-1 during adipocyte differentiation by measuring lipid accumulation and adipogenic transcription factor expression levels.

3T3-L1 adipocytes were co-treated with HO-1, zinc protoporphyrin (ZnPP) inhibitor to test whether this treatment could affect the adipogenesis. [Fig. 3](#f3-pnfs-22-306){ref-type="fig"} shows the influence of an HO-1 inhibitor on butein-induced adipogenesis suppression. ZnPP is well known as a strong inhibitor of heme oxygenase-1 ([@b26-pnfs-22-306]). Butein-induced inhibitory lipid accumulation was abolished when 3T3-L1 adipocytes were co-treated with ZnPP ([Fig. 3A](#f3-pnfs-22-306){ref-type="fig"}). Reduced PPARγ and C/EBPα expression ([Fig. 3B and 3C](#f3-pnfs-22-306){ref-type="fig"}) was also restored when 3T3-L1 adipocytes were treated with ZnPP. These results suggest that butein-induced HO-1 can attenuate lipid accumulation through key adipogenic transcription factors such as PPARγ and C/EBPα. These results indicated that HO-1 plays a key role in the butein-mediated induction of adipogenic key transcription factors.

To elucidate the molecular mechanism producing the anti-adipogenic effect involved with Nrf2/HO-1 pathway of butein, this study examined the adipogenic key transcription factors with treatment of HO-1 inhibitor. Overall, these results indicate that butein not only inhibits lipid accumulation through the inhibition of key adipogenic regulators, but it also upregulates the Nrf2/HO-1 antioxidant pathway. Butein is able to increase HO-1 expression through the activation of Nrf2 in 3T3-L1 adipocytes and reveal an antiadipogenic effect of butein. This study also demonstrated that butein's effects were associated, at least partially, with HO-1 induction. Although further studies are warranted, these results suggest that butein has desirable properties for the treatment of obesity and related diseases.
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